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Abstract
The Pc(4380) and Pc(4450) states observed recently by LHCb experiment were proposed
to be either D¯Σ∗c or D¯
∗Σc S-wave bound states of spin parity J
P = 3
2
−
. We analyze the decay
behaviors of such two types of hadronic molecules within the effective Lagrangian framework.
With branching ratios of ten possible decay channels calculated, it is found that the two types
of hadronic molecules have distinguishable decay patterns. While the D¯Σ∗c molecule decays
dominantly to D¯∗Λc channel with a branching ratio by 2 orders of magnitude larger than to
D¯Λc, the D¯
∗Σc molecule decays to these two channels with a difference of less than a factor
of 2. Our results show that the total decay width of Pc(4380) as the spin-parity-
3
2
−
D¯Σ∗c
molecule is about a factor of 2 larger than the corresponding value for the D¯∗Σc molecule.
It suggests that the assignment of D¯Σ∗c molecule for Pc(4380) is more favorable than the
D¯∗Σc molecule. In addition, Pc(4450) seems to be a D¯
∗Σc molecule with J
P = 5
2
+
in our
scheme. Based on these partial decay widths of Pc(4380), we estimate the cross sections
for the reactions γp → J/ψp and pip → J/ψp through the s-channel Pc(4380) state. The
forthcoming γp experiment at JLAB and pip experiment at JPARC should be able to pin
down the nature of these Pc states.
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1 Introduction
In recent years, a large number of new hadrons were discovered experimentally following the
developments in the high-energy experiments and the accumulation of the precise data in the low-
energy exclusive measurements [1]. Some of these hadrons were suggested to have internal structure
more complex than the simple qq¯ configuration for mesons or qqq configuration for baryons in the
traditional picture of the constituent quark models, and are good candidates of exotic hadrons.
Study of exotic hadrons has become a central topic of hadron spectroscopy in the past decade
(for a recent review, see Ref. [2]). Especially, the observation of two hidden charm pentaquark-
like structures, P+c (4380) and P
+
c (4450), by the LHCb Collaboration [3] attracts much attention.
The existence of relatively narrow hidden-charm pentaquarks has been suggested and their masses
have been predicted in Refs. [4–7]. The Pc structures are observed in the J/ψp invariant mass
distribution in the process of Λ0b → J/ψpK− decay. Assuming they are resonances, the reported
mass and width of the P+c (4380) are (4380± 8± 29) MeV and (205± 18± 86) MeV, respectively,
while the P+c (4450) has a mass of (4449.8± 1.7 ± 2.5) MeV and a width of (39 ± 5 ± 19) MeV.
The spin-parities of these two Pc states are not well determined yet. According to experimental
analyses, the most favorable set of the spin and parity for the lower and the higher peaks is
JP = (3/2−, 5/2+).
Many models for the structure and production of Pc states have been proposed, such as the
baryon–mesonmolecules [8–15], compact pentaquark states [16–22] and baryocharmonia [23], while
the possibility of rescattering-induced kinematical effects has also been discussed [24–27]. Some
of these models are used to predict other possible pentaquark-like hadrons, and others are built
to explore the internal structure of the Pc states. Among them, the one which we are interested
in is that the Pc(4380) and Pc(4450) are interpreted as the hadronic molecular states composed
of either D¯Σ∗c(2520) or D¯
∗Σc(2455) since their masses are quite close to these two thresholds.
Based on this hadronic molecular picture, we try to analyze the decay behaviors of Pc states by
calculating the partial widths of the Pc states into some possible final states in the framework of
effective Lagrangian approach. It will help us to distinguish different interpretations about the
structure of Pc states and can be examined by future experiments.
This work is organized as follows. After introduction, we first present the details of the theo-
retical formalism in Sec. 2. The predicted decay properties and some discussion are presented in
Sec. 3. Finally, a brief summary will be given and an appendix is presented in the end.
2 Formalism
In this section, we present the fundamental formalism for the investigation about the decay prop-
erties of the Pc states in the D¯Σ
∗
c and D¯
∗Σc molecular pictures. The spin-parity of Pc(4380) state
is set to be 3
2
−
in the whole work.
Since both the Σ∗+c and Σ
∗++
c are unstable with a width of about 15 MeV, and decays domi-
nantly into the πΛc, a natural decay mode for the D¯Σ
∗
c molecule would be the three-body D¯πΛc,
as shown in Fig. 1, where final state interaction has been neglected. The decay widths of D∗ and
Σc are less than 2 MeV. Therefore, the three- and four-body decays through the decays of the D
∗
and Σc in the D¯
∗Σc hadronic molecule can be neglected.
Because of the small widths of the Σc and Σ
∗
c , these three-body decay modes are not the main
contribution to the total width of the hadronic molecules under consideration. The Pc states can
also decay into a meson and a baryon. The two-body decay modes which will be considered in
this paper are listed in Table 1. Note that the threshold of D¯Σ∗c system is about 4386 MeV,
6 MeV higher than the central value of the mass of Pc(4380). Thus, the D¯Σ
∗
c channel appears
only in the Pc(4450) decay as shown in the table. One sees that some of the decays happen at
relatively long distances, i.e., the involved momentum exchange is small, such as the ones into a
pair of anti-charm meson and charm baryon. In principal, the partial widths of such decays could
be calculated in the framework of a nonrelativistic effective field theory. However, due to the lack
of knowledge of the interaction between the anti-charm mesons and charm baryons, we have to
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Figure 1: The three-body decay of the Pc state as the D¯Σ∗c molecule.
Table 1: All possible final states for the Pc(4380) and Pc(4450) decay with JP =
3
2
−
.
Initial state Final states
Pc(4380)(D¯Σ
∗
c) D¯
∗Λc, J/ψp, D¯Λc, πN , χc0p, ηcp, ρN , ωp, D¯Σc
Pc(4380)(D¯
∗Σc) D¯∗Λc, J/ψp, D¯Λc, πN , χc0p, ηcp, ρN , ωp, D¯Σc
Pc(4450)(D¯
∗Σc) D¯∗Λc, J/ψp, D¯Λc, πN , χc0p, ηcp, ρN , ωp, D¯Σc, D¯Σ∗c
rely on models such as exchanging the ρ meson in addition to the lightest pion. The decays into
a pair of light meson and light baryon take place at short distances, and again an estimate of
such decays can only be done in models. The triangle diagrams for the meson-exchange model of
the two-body decays of the D¯Σ∗c and D¯
∗Σc hadronic molecules are shown in Fig. 2 and Fig. 3,
respectively.
It should be mentioned that the sets of spin and parity for (D¯,Σ∗c) and (D¯
∗,Σc) are (0−, 32
+
)
and (1−, 1
2
+
), respectively. Thus the Pc states of spin-parity
3
2
−
may be considered as S-wave
bound states of D¯Σ∗c or D¯
∗Σc. Subject to the Lorentz covariant orbital-spin scheme [28], the
S-wave couplings for the Pc with J
P = 3
2
−
with the meson–baryon pairs of interest are given by
LD¯Σ∗
c
Pc = gD¯Σ∗
c
Pc
Σ¯∗µc PcµD¯ +H.c.,
LD¯∗ΣcPc = gD¯∗ΣcPc Σ¯cPcµD¯∗µ +H.c., (1)
where two S-wave coupling constants gD¯Σ∗
c
Pc and gD¯∗ΣcPc can be estimated by using [29, 30]
g2 =
4π
4Mm2
(m1 +m2)
5/2
(m1m2)1/2
√
32ǫ, (2)
here M , m1 and m2 denote the masses of the Pc state, D¯(D¯
∗) and Σc(Σc∗), respectively, and ǫ is
the binding energy. The factor 1
4Mm2
in Eq. (2) is introduced for the normalization of two fermion
fields, Pc and Σc(Σc
∗). Assuming the physical state in question to be a pure S-wave hadronic
molecule, the relative uncertainty of the above approximation for the coupling constant is
√
2µǫ r
where µ = m1m2/(m1 + m2) is the reduced mass of the bound particles, and r is the range of
forces which may be estimated by the inverse of the mass of the particle that can be exchanged.
Thus, for the D¯Σ∗c and D¯
∗Σc systems, r may be estimated as 1/mρ and 1/mpi, respectively.
Besides the vertex described as Eq. (1) introduced in the previous discussion, the following
effective Lagrangian [8, 9, 31–34] need to be presented for evaluating the decay amplitudes of the
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Figure 2: The decays of the Pc state as a D¯Σ∗c molecule. a) D¯
∗Λc channel with pi exchange dominant and ρ
exchange secondary. b) J/ψp channel with D∗ exchange dominant and D exchange secondary. c) D¯Λc channel
with ρ exchange. d) piN channel with D∗ exchange. e) χc0p channel with D exchange. f) ηcp channel with D∗
exchange. g) ρN channel with D exchange dominant and D∗ exchange secondary. h) ωp channel with D exchange
dominant and D∗ exchange secondary. l) D¯Σc channel with ρ exchange.
Feynman diagrams shown in Fig. 1, 2, 3,
LV P1P2 = igV P1P2 (Vµ∂µP1P2 − Vµ∂µP2P1) , (3)
LV1V2P = −gV1V2P εµναβ (∂µV1ν∂αV2β)P, (4)
LV1V2V3 = −igV1V2V3
{
V µ1 (∂µV
ν
2 V3ν − V ν2 ∂µV3ν) + (∂µV1νV ν2 − V1ν∂µV ν2 )V µ3
+ V µ2 (V
ν
1 ∂µV3ν − ∂µV1νV ν3 )
}
, (5)
LPB1B2 = −igPB1B2B¯1γ5B2P +H.c., (6)
LV B1B2 = gPB1B2B¯1γµV µB2 +H.c., (7)
LPBB∗ = gPBB∗B¯∗µ∂µPB +H.c., (8)
LV BB∗ = −igVBB∗B¯∗µγνγ5[∂µVν − ∂νVµ]B +H.c., (9)
LDDχc0 = igDDχc0DD +H.c., (10)
LD∗D∗χc0 = igD∗D∗χc0D∗µD∗†µ +H.c., (11)
where V P1P2 denotes D
∗Dπ, D∗Dηc, ρDD, J/ψDD or ωDD, V1V2P denotes ρD∗D, ωD∗D,
J/ψD∗D, D∗D∗π or D∗D∗ηc, V1V2V3 denotes D∗D∗ρ, D∗D∗ω or D∗D∗J/ψ, PB1B2 denotes
DNΣc, πΣcΣc or πΣcΛc, V B1B2 means ρΣcΛc, ρΣcΣc orD
∗NΣc, PBB∗ means πΛcΣ∗c orDNΣ
∗
c ,
and finally V BB∗ denotes ρΣcΣ∗c , ρΛcΣ
∗
c or D
∗NΣ∗c . Another essential part in studying the
decay properties of a hadronic molecule is to estimate the coupling constants appearing in related
vertices. The values of coupling constants gD∗Dpi, gpiΣcΛc and gpiΛcΣ∗c are deduced from the precise
experimental data of the decay widths of D∗, Σc and Σ∗c . In the heavy quark limit, the S-wave
heavy mesons D and D∗ are in the same spin multiplet. As a result, gD∗D∗pi and gD∗Dpi are related
to each other in that limit up to a normalization factor. We will take gD∗D∗pi = M¯DgD∗Dpi/2 with
M¯D the average mass of D and D
∗ mesons following Ref. [33]. In addition, in the same limit
there exist relations: gD∗Dηc = g2
√
mηcmD, gD∗D∗ηc = g2
√
mηc , gDDχc0 = −
√
3g1
√
mχc0mD,
and gD∗D∗χc0 = − 1√3g1
√
mχc0mD∗ . However, because all of the ground state S-wave and P -wave
charmonia are below open-charm thresholds, neither g1 nor g2 can be measured directly. For the
numerical estimate of the partial widths, we will take the model values g1 = −4 GeV−1/2 and
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Figure 3: The decays of the Pc state as the D¯∗Σc molecule. a′) D¯∗Λc channel with pi exchange dominant
and ρ exchange secondary. b′) J/ψp channel with D∗ exchange dominant and D exchange secondary. c′) D¯Λc
channel with pi exchange dominant and ρ exchange secondary. d′) piN channel with D exchange dominant and
D∗ exchange secondary. e′) χc0p channel with D∗ exchange. f ′) ηcp channel with D exchange dominant and D∗
exchange secondary. g′) ρN channel with D∗ exchange dominant and D exchange secondary. h′) ωp channel with
D∗ exchange dominant and D exchange secondary. l′) D¯Σc channel with pi exchange dominant and ρ exchange
secondary.
g2 = 2.36 GeV
−3/2 [35].1 The following coupling constants are taken from Ref. [36]: gD∗D∗J/ψ =
gJ/ψDD = 7.64, gD∗D∗ρ = gρDD = 2.52, gD∗D∗ω = gωDD = −2.84. The other coupling constants
used in our work are listed in Table. 2. One should notice that most of the these values can only
regarded as a rough estimate, which should suffice for an order-of-magnitude estimate of the decay
rates under consideration.
Table 2: The coupling constants used in this paper from Refs. [8, 9, 37, 38].
Coupling
constants
gD∗Dpi
gD∗D∗pi
(GeV−1)
gpiΣcΛc
gpiΛcΣ∗c
(GeV−1)
gρD∗D
(GeV−1)
gωD∗D
(GeV−1)
gJ/ψD∗D
(GeV−1)
gDNΣc
Value 8.4 8.65 19.3 7.46 2.82 -3.18 8.64 2.69
Coupling
constants
gpiΣcΣc gD∗NΣc gρΣcΛc gρΣcΣc
gDNΣ∗
c
(GeV−1)
gD∗NΣ∗
c
(GeV−1)
gρΛcΣ∗c
(GeV−1)
gρΣcΣ∗c
(GeV−1)
Value 10.76 3.0 -1.04 13.8 6.5 2.92 10 5.77
In the rest frame of the initial state, the two-body decay width can be written as
dΓ =
FI
32π2
|M|2 |p1|
M2
dΩ, (12)
where dΩ = dφ1d(cos θ1) is the solid angle of particle 1, M is the mass of the Pc, the factor
FI from the isospin symmetry is a constant for a certain channel, and the polarization-averaged
squared amplitude |M|2 means 1
4
∑
spin |M|2. The amplitude expressions for all of the processes
shown in Figs. 2 and 3 are collected in the Appendix.
Among all the triangle diagrams, some of the amplitudes, corresponding to the exchange of a
pseudoscalar meson for the D-wave decay modes [9, 39], are ultraviolet (UV) finite while the others
diverge. Nevertheless, even the UV finite loops receive short-distance contributions if we integrate
over the whole momentum space. We will employ the following UV regulator which suppress
1Note that these values are half of those in Ref. [35] due to the difference in conventions.
5
short-distance contributions and thus can render all the amplitudes UV finite [8, 9, 40, 41]
Φ˜(p2E/Λ
2
0) ≡ exp(−p2E/Λ20), (13)
where pE is the Euclidean Jacobi momentum, and the cutoff Λ0 denotes a hard momentum scale
which suppresses the contribution of the two constituents at short distances ∼ 1/Λ0. The value
of Λ0 should be much larger than the typical momentum in the bound state, given by
√
2µǫ. It
should also not be too large since we have neglected all other degrees of freedom, except for the
two constituents, which would play a role at short distances. We thus vary the value of Λ0 from
0.5 GeV to 1.2 GeV for an estimate of the two-body partial widths. In addition, an off-shell
form factor for the exchanged meson with mass m, momentum q chosen as Eq. (14) needs to be
introduced, and we take the form used in, e.g., Ref. [42].
f(q2) =
Λ41
(m2 − q2)2 + Λ41
, (14)
The parameter Λ1 for the off-shell form factor varies for different system, and we will vary it in
the range of 1.5 ∼ 2.4 GeV [43].
Taking all into account, we can easily get the partial widths of the Pc(4380) decaying into
all possible final states in both D¯Σ∗c and D¯
∗Σc molecular pictures. Partial decay widths of the
Pc(4450) state as a D¯
∗Σc molecule with JP = 3/2− can also be obtained. Except for the decay
modes shown in Fig. 3, the D¯Σ∗c mode is also allowed kinematically, and the diagram corresponding
to this channel is shown in Fig. 4.
Pc
D¯∗
Σc
D¯
Σ∗c
pi, ρ
Figure 4: The D¯Σ∗c decay channel of the Pc(4450) state as a D¯
∗Σc(2455) molecule.
3 Decay widths of the Pc states
Using the values of coupling constants listed in the Table 2, the partial decay widths of the Pc
states are calculated in both D¯Σ∗c and D¯
∗Σc molecular pictures. Results obtained with typical
cutoff values Λ0 = 1.0 GeV and Λ1 = 2.0 GeV are displayed in Table 3. However, these values
should not be regarded as the final results of our calculation. Our model bears a large uncertainty
due to the values of some of the coupling constants and the choice of cutoffs Λ0 and Λ1. The
dependence of the Pc(4380) total width on the cutoff Λ0 in different scenarios, together with the
branching fractions of the three most relevant channels D¯∗Λc, D¯Λc and J/ψp, is shown in Fig. 5,
and the dependence on Λ1 is shown in Fig. 6. The ranges of the cutoff values are chosen as
Λ0 ∈ [0.5, 1.2] GeV and Λ1 ∈ [1.5, 2.4] GeV. It should be mentioned that among the two-body
decay modes of the D¯Σ∗c molecule, the D¯
∗Λc, J/ψp and D¯Λc channels contribute most of widths.
Therefore, we only focus on these channels for the cutoff dependence for simplicity.
The numerical results show that the Pc(4380) state in both D¯Σ
∗
c and D¯
∗Σc molecular pictures
has the D¯∗Λc as its largest decay channel. However, for the D¯Λc channel, the partial width in the
D¯Σ∗c picture for Pc(4380) is much smaller than that in the D¯
∗Σc picture. In addition, the relative
ratio between branching fractions for the D¯∗Λc and J/ψp channels is very different in these two
kinds of molecular scenarios. In the JP = 3
2
−
D¯Σ∗c molecular picture, Br(D¯
∗Λc) : Br(J/ψp) ≃
40 : 1 when the cutoffs are fixed as Λ0 = 1.0 GeV and Λ1 = 2 GeV, while it is about 5 : 1 in
6
Table 3: Partial widths of Pc(4380) as D¯Σ∗c molecule and D¯
∗Σc molecule respectively, and Pc(4450) as D¯∗Σc
molecule, to different possible final states with Λ0 = 1.0 GeV, Λ1 = 2.0 GeV. All of the decay widths are in the
unit of MeV, and the short bars denote that the D¯Σ∗c channel is closed in the Pc(4380) molecule decay or the
corresponding contribution is negligible.
Mode
Widths (MeV)
Pc(4380) Pc(4450)
D¯Σ∗c(
3
2
−
) D¯∗Σc(32
−
) D¯∗Σc(32
−
) D¯∗Σc(52
+
)
D¯∗Λc 131.3 41.6 80.5 22.6
J/ψp 3.8 8.4 8.3 2.0
D¯Λc 1.2 17.0 41.4 18.8
πN 0.06 0.05 0.05 0.1
χc0p 0.9 0.002 0.01 0.001
ηcp 0.2 0.08 0.1 0.04
ρN 1.4 0.08 0.07 0.1
ωp 5.3 0.3 0.3 0.2
D¯Σc 0.01 0.1 1.2 0.8
D¯Σ∗c - - 7.7 1.4
D¯Λcπ 11.6 - - -
Total 144.3 67.7 139.7 46.2
the JP = 3
2
−
D¯∗Σc picture with these cutoffs. In particular, as one can see from Figs. 5 and 6,
this conspicuous difference holds for the whole ranges of cutoff values that we use for Λ0 and Λ1.
Hence, such an interesting feature should be rather model-independent, and should be extremely
helpful for revealing the internal structure of the Pc(4380) in future experiments. Furthermore,
the decay width is more sensitive to the cut off Λ0 in the regulators than Λ1 in the off-shell form
factor. This is determined by their specific forms.
It is clear that the total width of the Pc(4380) in the J
P = 3
2
−
D¯Σ∗c picture is larger than
that in the D¯∗Σc picture. Thus, the former picture seems to be more consistent with the large
measured width of around 200 MeV for the Pc(4380) although the latter cannot be completely
excluded given the large uncertainties of both experimental measurements and our theoretical
estimates. In any case, the dominant decay mode of the Pc(4380) is the D¯
∗Λc which can proceed
through one-pion exchange. Two previous calculations [7, 44] have underestimated the partial
decay width of this channel. Ref. [7] only considered vector-meson exchanges and overlooked the
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Figure 5: Dependence of the Pc(4380) total width and branching fractions of D¯∗Λc, D¯Λc and J/ψp on the cutoff
Λ0 in different scenarios for the Pc(4380): (a) S-wave D¯Σ∗c molecule with J
P = 3
2
−
; (b) S-wave D¯∗Σc molecule
with JP = 3
2
−
. Here Λ1 is fixed at 2.0 GeV.
7
1.6 1.8 2.0 2.2 2.4
0.1
1
5
10
25
50
75
90
120
140
160
180
D c
  J/ p
 D c
 
B
r (
%
)
(GeV)
   tot
 
 
(M
eV
)
1.6 1.8 2.0 2.2 2.4
5
10
25
50
75
50
60
70
80
D c
  J/ p
 D c
 
B
r (
%
)
(GeV)
   tot
 
 
(M
eV
)
 
Figure 6: Dependence of the Pc(4380) total width and branching fractions of D¯∗Λc, D¯Λc and J/ψp on the cutoff
Λ1 in different scenarios for the Pc(4380): (a) S-wave D¯Σ∗c molecule with J
P = 3
2
−
; (b) S-wave D¯∗Σc molecule
with JP = 3
2
−
. Here Λ0 is fixed at 1.0 GeV.
pion exchange contribution, while Ref. [44] calculated the meson-baryon interaction from the qq
interaction in constituent quark model by using the resonating group method, which sometimes
fails to reproduce hadronic observables. In fact, the pion exchange has also been found to be
important for the D¯∗Σc − D¯Σ∗c coupled channel effects [45, 46].
The total decay width of the Pc(4450) state described as a J
P = 3
2
−
D¯∗Σc molecule is 140 MeV
with Λ0 = 1.0 GeV and Λ1 = 2.0 GeV. This value is almost three times larger than the experi-
mental one reported by the LHCb. One may reproduce the experimental value by taking the Λ0
and Λ1 values different from the ones used for the Pc(4380) as an S-wave D¯Σ
∗
c molecule. Another
possibility is that the Pc(4450) has quantum numbers J
P = 5
2
+
, hence could be a P-wave D¯∗Σc
molecule. We will discuss this possibility in the following.
To estimate the partial widths of the JP = 5
2
+
Pc(4450) state, we use the effective Lagrangian
for the P -wave interaction among Pc(4450), D¯
∗ and Σc given by [28]
LD¯∗ΣcPc = gD¯∗ΣcPc
(
−gνα + p
νpα
p2
)(
∂αΣ¯cD¯
∗µ − Σ¯c∂αD¯∗µ
)
Pcµν +H.c., (15)
with p the momentum of the Pc state. In analogy with the S-wave interactions described by
Eq. (1), the coupling constant g
D¯∗ΣcPc
may be obtained from the compositeness condition [47, 48].
However, being in a P -wave, the obtained coupling strength relies much more on the cutoff Λ0.
Thus, we can only make a rough estimate for the widths in this case. The corresponding numerical
results obtained with Λ0 = 1.0 GeV and Λ1 = 2.0 GeV are listed in Table 3. The total width of
the 5
2
+
D¯∗Σc molecule is about 46 MeV with these cutoff values. The dependence on the cutoffs
Λ0 and Λ1 in both
5
2
+
and 3
2
−
D¯∗Σc scenarios are presented in Figs. 7 and 8, respectively.
From the curves of branch ratios, we see that despite of the sizeable cutoff dependence of the
total decay widths, the branching fractions are rather insensitive to the cutoff values. The decay
behaviors in both the 5
2
+
and 3
2
−
D¯∗Σc molecular scenarios are similar to each other except for
two points: the total decay width and the branch ratio of the D¯Λc channel. One sees that within
the chosen cutoff ranges the total width of the 5
2
+
D¯∗Σc molecule is almost always much smaller
than that in the 3
2
−
case, and the former is in much better agreement with the width reported
by the LHCb Collaboration for the Pc(4450), (39 ± 5 ± 19) MeV. From this point of view, the
D¯∗Σc molecule with JP = 52
+
seems to be a more favorable assignment for the Pc(4450). The
other difference is that the branching fraction of the D¯Λc channel is comparable with that of the
D¯∗Λc channel in JP = 52
+
picture, while it is much smaller in the JP = 3
2
−
picture. Note that the
partial width of the D¯Λc channel decreases with increasing Λ0, which leads to decreasing behavior
of the total width of the 5
2
+
Pc(4450) for Λ0 ∈ [0.5, 0.9] GeV with Λ1 = 2.0 GeV.
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Figure 7: Dependence of the Pc(4450) total width and branching fractions of D¯∗Λc, D¯Λc and J/ψp on the cutoff
Λ0 in different scenarios for the Pc(4380): (a) S-wave D¯∗Σc molecule with JP =
3
2
−
; (b) P -wave D¯∗Σc molecule
with JP = 5
2
+
. Here Λ1 is fixed at 2.0 GeV.
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Figure 8: Dependence of the Pc(4450) total width and branching fractions of D¯∗Λc, D¯Λc and J/ψp on the cutoff
Λ1 in different scenarios for the Pc(4380): (a) S-wave D¯∗Σc molecule with JP =
3
2
−
; (b) P -wave D¯∗Σc molecule
with JP = 5
2
+
. Here Λ0 is fixed at 1.0 GeV.
4 Production of Pc states in photo- and pion-induced reac-
tions
In order to further pin down the nature of the Pc states, it would be very useful to study them
through various two-body scattering processes [49–52]. In particular, this is extremely important
so as to distinguish the resonance scenario from the kinematical singularities [24–27]. With the
formalism given in the previous section, we can also estimate the total crossing sections for some
common scattering reactions with the Pc(4380) as the intermediate state, for example the γp
and πp collisions with the J/ψp as the final state, shown in Fig. 9. Note that the contribution
from the u-channel exchange of the Pc(4380) is negligible compared to the s-channel one since
the intermediate Pc in u-channel processes will be highly off-shell. Therefore, only the s-channel
contribution is included in our calculation. It is similar for the Pc(4450) exchange.
We consider the possibility of JP = 3
2
−
for the Pc(4380). The pπPc and pJ/ψPc(pγPc) vertices
should be dominated by D-wave and S-wave, respectively. The effective Lagrangians for these two
kinds of vertices are given by [50]
LPBPc = gPBPc P¯µc γ5γν∂ν∂µPB +H.c., (16)
LV BPc = −igVBPc P¯µc γνBFµν +H.c., (17)
where P and B are the fields for the pion and proton, respectively, Fµν = ∂µVν − ∂νVµ with V
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J/ψ
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γ
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Figure 9: The s and u-channel reactions with the Pc(4380) as the intermediate state, where Pc(4380) is treated
as the D¯Σ∗c molecule with spin-parity
3
2
−
. a)&b) The s and u-channel contribution of the scattering process
ppi → J/ψp. c)&d) The s and u-channel contribution of the scattering process pγ → J/ψp.
the field for the photon or J/ψ.
To study these two reactions in Fig. 9, we need to get the related coupling constants gpJ/ψPc ,
gppiPc and gpγPc . These coupling constants can be deduced form the partial widths of the Pc
state decaying into J/ψp, πp and pγ, respectively, which are estimated by calculating the triangle
diagrams as in Section 3, where the partial widths for the pπ and pJ/ψ have been calculated. For
the pγ channel, the needed triangle diagram is shown in Fig. 10. The values of these couplings
Pc
D¯
Σ∗c
γ
p
D∗
Figure 10: The decay of the Pc state into pγ.
and the partial widths of the Pc(4380) as a J
P = 3
2
−
D¯Σ∗c molecule that we will use in estimating
the cross sections are listed in Table 4.
Table 4: Partial widths and couplings of Pc(4380) as a JP =
3
2
−
D¯Σ∗c molecule into J/ψp, pip and pγ final states
calculated with Λ0 = 1.0 GeV, Λ1 = 2.0 GeV.
Modes Widths(MeV) Couplings
J/ψp 3.8 0.11 (GeV−1)
πp 0.06 0.0053 (GeV−2)
pγ 0.0007 0.00097 (GeV−1)
With the above Lagrangians and coupling constants, the cross sections can be estimated im-
mediately by computing the tree diagrams shown in Fig. 10. The numerical results are given in
Fig. 11. The clear peak structure in the cross sections is due to the s-channel exchange of the
Pc(4380) resonance in the reactions pπ → J/ψp and pγ → J/ψp.
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Figure 11: Dependence of the total cross sections on the center-of-mass energyW for the reactions (a) ppi → J/ψp
and (b) pγ → J/ψp.
The numerical calculation suggests that the probability for the πp to J/ψp through Pc(4380)
molecule is two orders of magnitude larger than that in the γp collisions. This can be easily
understood as the photo-production cross section is roughly suppressed by a factor of the fine
structure constant α = 1/137. The cross sections of the processes πp → J/ψp and γp → J/ψp
reactions have been calculated in Refs. [50, 51] and [49, 52], respectively, by assuming that J/ψp
and πp channels account for some specific percentages of the Pc(4380) total width. In Refs. [49, 52],
the coupling constant gpγPc was estimated using the vector-meson-dominance model by assuming
that the photon couples through intermediate vector mesons (J/ψ in Ref. [49] and ω, ρ and J/ψ
in Ref. [52]). The coupling constant gpJ/ψPc used in Ref. [52] is deduced from the partial width
of Pc → pJ/ψ predicted in Ref. [4] prior to the Pc discovery. The estimation in Ref. [52] for
the total cross section of γp → J/ψp is in the order of magnitude of 0.1 to 1 nb, which in line
with the result in Ref. [49] with the gpJ/ψPc obtained by assuming a 5% branching fraction for
the Pc → J/ψp. Refs. [50] and [51] obtained different cross sections for the πp → J/ψp by
using different decay branching ratios for the J/ψp and pπ channels. The former claims the cross
section of pπ → J/ψp is of order 1 µb by assuming the branching ratios are 10% and 1% for the
J/ψp and pπ channels, respectively, while the result is at the level of 1 nb by assuming branching
fractions of 5% and 10−5 for the J/ψp and pπ channels, respectively, in Ref. [51]. However, in
our work, we have obtained the partial widths of Pc(4380) into these channels in the preceding
calculations. Based on the results obtained using Λ0 = 1.0 GeV, Λ1 = 2.0 GeV, the total decay
width of Pc(4380) is 144 MeV, and the branching ratios of J/ψp and pπ channels are around 3%
and 0.04%, respectively. Apparently, the cross sections of these tree diagrams are determined by
these values. The parameters obtained from our calculations are different from the assumptions
in these literature, and thus we obtain different cross sections.
In addition, another interesting conclusion can be deduced from our numerical results. As
shown in Table 3, the D¯∗Λc and D¯Λc channels should be the dominant channels for both the
Pc(4380) as a J
P = 3
2
−
D¯Σ∗c molecule and the Pc(4450) as a J
P = 5
2
+
D¯∗Σc molecule. Their
partial widths are much larger than that of the J/ψp. This means that the cross sections of the
processes πp → D¯∗Λc and πp → D¯Λc through Pc(4380) and Pc(4450) must be much larger than
the reaction πp → J/ψp. It is consistent with the claims in Refs. [51, 53]. In conclusion, from
the point of view of cross sections, it should be easier to search for the pentaquark states with
hidden-charm in the D¯∗Λc and D¯Λc production than the J/ψp production.
5 Summary
An interesting property of the two Pc structures reported by the LHCb Collaboration in 2015 is
that they are located just below the D¯Σ∗c(2520) and D¯
∗Σc(2455) thresholds, respectively. Inspired
by this property, the two Pc states were proposed to be either D¯Σ
∗
c or D¯
∗Σc S-wave bound states
of spin-parity JP = 3
2
−
. We estimated the decay behaviors of such two types of hadronic molecules
11
in this paper. With branching ratios of ten possible decay channels calculated, it is found that
the two types of hadronic molecules have distinguishable decay patterns. While the D¯Σ∗c molecule
decays dominantly to the D¯∗Λc channel with a branching ratio by two orders of magnitude larger
than that to the D¯Λc, the D¯
∗Σc molecule decays into these two channels with a difference of less
than a factor of 2. Our results show that the total decay width of Pc(4380) as a
3
2
−
D¯Σ∗c molecule
is about a factor of 2 larger than the corresponding value for the D¯∗Σc molecule. It seems to
suggest that the assignment of D¯Σ∗c molecule for the Pc(4380) is more favorable than the D¯
∗Σc
molecule. The results for the Pc(4450) indicate that the Pc(4450) is more likely a J
P = 5
2
+
D¯∗Σc
P -wave molecule than an 3
2
−
D¯∗Σc S-wave molecule. In order to further pin down the nature of
the Pc states, it would be very useful to study them through various two-body scattering processes.
Based on the partial decay widths of the Pc(4380), we estimated the cross sections for the reactions
γp → J/ψp and πp → J/ψp through exchanging the Pc(4380) state in the s-channel. The peak
values are at the level of 0.2 nb and 20 nb, respectively. The corresponding productions rates for
reactions into D¯∗Λc and/or D¯Λc would be larger by orders of magnitude. The forthcoming γp
experiment at JLAB and πp experiment at JPARC should be able to provide valuable information
towards revealing the nature of these Pc structures.
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Appendix: decay amplitudes
This appendix collects together all the formulae that are used in the calculations of the scattering
amplitudes in our work. Except for the χc0p final states described by diagram e), e
′) in Fig. 2, 3,
and the D¯Σ∗c channels shown in Fig. 4, the other two-body decays for the two Pc states can be
classified into the categories shown in Fig. 12.
The corresponding amplitudes can be written as
M1 = gD¯Σ∗
c
Pc
gV P1P2gV BB∗1
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯
mD¯ +mΣ∗c
p0 − (p1 + k)
]
Λ41
(m2V − k2)2 + Λ41
u¯(p1, sB)γ
αγ5
1
k2 −m2V
[
kµ
(
gαβ − kαkβ
m2V
)
− kα
(
gµβ − kµkβ
m2V
)]
/p1 + /k +mΣ∗
c
(p1 + k)2 −m2Σ∗
c
+ imΣ∗
c
ΓΣ∗
c
[
−gµν + 1
3
γµγν +
1
3mΣ∗
c
(γµ(p1 + k)
ν − γν(p1 + k)µ) +
2
3m2Σ∗
c
(p1 + k)
µ(p1 + k)
ν
]
[−2(p0 − p1) + k]β 1
(p0 − p1 − k)2 −m2P1
uν(p0, sPc)
}
, (18)
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Figure 12: Various kinds of triangle diagrams for the two-body decays of the Pc state. 1) The D¯Λc channel with
ρ exchange, piN channel with D∗ exchange, ηcp channel with D∗ exchange and D¯Σc channel with ρ exchange for
the D¯Σ∗c hadronic molecule of Pc(4380). 2) D¯
∗Λc channel with ρ exchange, J/ψp channel with D∗ exchange, ρN
channel with D∗ exchange and ωp channel with D∗ exchange for the D¯Σ∗c hadronic molecule of Pc(4380). 3) D¯
∗Λc
channel with pi exchange, J/ψp channel with D exchange, ρN channel with D exchange and ωp channel with D
exchange for the D¯Σ∗c hadronic molecule of Pc(4380). 4) D¯
∗Λc channel with ρ exchange, J/ψp channel with D∗
exchange, ρN channel with D∗ exchange and ωp channel with D∗ exchange for the D¯∗Σc hadronic molecules of
Pc(4380) and Pc(4450). 5) The D¯Λc channel with ρ exchange, piN channel with D∗ exchange, ηcp channel with D∗
exchange and D¯Σc channel with ρ exchange for the D¯∗Σc hadronic molecules of Pc(4380) and Pc(4450). 6) The
D¯Λc channel with pi exchange, piN channel with D exchange, ηcp channel with D exchange and D¯Σc channel with
pi exchange for the D¯∗Σc hadronic molecules of Pc(4380) and Pc(4450). 7) D¯∗Λc channel with pi exchange, J/ψp
channel with D exchange, ρN channel with D exchange and ωp channel with D exchange for the D¯∗Σc hadronic
molecules of Pc(4380) and Pc(4450).
M2 = gD¯Σ∗
c
Pc
gV1V2P1gV2BB∗1
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯
mD¯ +mΣ∗c
p0 − (p1 + k)
]
Λ41
(m2V2 − k2)2 + Λ41
u¯(p1, sB)γ
αγ5
1
k2 −m2V2
[
kµ
(
gαβ − kαkβ
m2V2
)
− kα
(
gµβ − kµkβ
m2V2
)]
/p1 + /k +mΣ∗
c
(p1 + k)2 −m2Σ∗
c
+ imΣ∗
c
ΓΣ∗
c
[
−gµν + 1
3
γµγν +
1
3mΣ∗
c
(γµ(p1 + k)
ν − γν(p1 + k)µ) +
2
3m2Σ∗
c
(p1 + k)
µ(p1 + k)
ν
]
ερσλβ [−(p0 − p1)ρǫ∗σ(p0 − p1, sV1)kλ]
1
(p0 − p1 − k)2 −m2P1
uν(p0, sPc)
}
, (19)
M3 = −gD¯Σ∗
c
Pc
gV1P1P2gP2BB∗1
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯
mD¯ +mΣ∗c
p0 − (p1 + k)
]
Λ41
(m2P2 − k2)2 + Λ41
u¯(p1, sB)kµ
/p1 + /k +mΣ∗
c
(p1 + k)2 −m2Σ∗
c
+ imΣ∗
c
ΓΣ∗
c
[
−gµν + 1
3
γµγν +
1
3mΣ∗
c
(
γµ(p1 + k)
ν −
γν(p1 + k)
µ
)
+
2
3m2Σ∗
c
(p1 + k)
µ(p1 + k)
ν
]
[2k − (p0 − p1)]β ǫ∗β(p0 − p1, sV1)
1
k2 −m2P2
1
(p0 − p1 − k)2 −m2P1
uν(p0, sPc)
}
, (20)
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M4 = −igD¯∗ΣcPcgV1V2V3gV2B1B2
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2V2 − k2)2 + Λ41
u¯(p1, sB2)γ
α 1
k2 −m2V2
(
gαβ − kαkβ
m2V2
)
/p1 + /k +mΣc
(p1 + k)2 −m2Σc
[
(2k − (p0 − p1))µ gβσ +
(−(p0 − p1)− k)σ gµβ + (2(p0 − p1)− k)β gµσ
]
1
(p0 − p1 − k)2 −m2V1(
gσν − (p0 − p1 − k)σ(p0 − p1 − k)ν
m2V1
)
ǫ∗µ(p0 − p1, sV3)uν(p0, sPc)
}
, (21)
M5 = igD¯∗ΣcPcgV1V2P gV2B1B2
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2V2 − k2)2 + Λ41
u¯(p1, sB2)γ
µ /p1 + /k +mΣc
(p1 + k)2 −m2Σc
1
k2 −m2V2
(
gµα − kµk)α
m2V2
)
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(p0 − p1 − k)2 −m2V1
[
gβν − (p0 − p1 − k)β(p0 − p1 − k)ν
m2V1
]
uν(p0, sPc)
}
, (22)
M6 = igD¯∗ΣcPcgV1P1P2gP2B1B2
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2P2 − k2)2 + Λ41
u¯(p1, sB2)γ
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m2V1
]
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1
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}
, (23)
M7 = igD¯∗ΣcPcgV1V2P gPB1B2
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2P − k2)2 + Λ41
u¯(p1, sB2)γ
5 /p1 + /k +mΣc
(p1 + k)2 −m2Σc
εαβλρ
[
(p0 − p1 − k)α(−(p0 − p1))λǫ∗ρ(p0 − p1, sV2)
]
1
(p0 − p1 − k)2 −m2V1
[
gβν − (p0 − p1 − k)β(p0 − p1 − k)ν
m2V1
]
1
k2 −m2P
uν(p0, sPc)
}
, (24)
As for the χc0p and D¯Σ
∗
c channels, the expressions of the amplitudes are given as,
Mχc0p−D = −igD¯Σ∗
c
Pc
gD¯Dχc0gDpΣ∗c
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯
mD¯ +mΣ∗c
p0 − (p1 + k)
]
Λ41
(m2D − k2)2 + Λ41
u¯(p1, sp)kµ
/p1 + /k +mΣ∗
c
(p1 + k)2 −m2Σ∗
c
+ imΣ∗
c
ΓΣ∗
c
[
−gµν + 1
3
γµγν +
1
3mΣ∗
c
(
γµ(p1 + k)
ν −
γν(p1 + k)
µ
) 2
3m2Σ∗
c
(p1 + k)
µ(p1 + k)
ν
]
1
k2 −m2D
1
(p0 − p1 − k)2 −m2D¯
uν(p0, sPc)
}
, (25)
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Mχc0p−D∗ = −gD¯∗ΣcPcgD¯∗D∗χc0gD∗pΣc
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2D∗ − k2)2 + Λ41
u¯(p1, sp)γ
α 1
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m2D∗
)
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(p1 + k)2 −m2Σc
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β(p0 − p1 − k)ν
m2
D¯∗
]
uν(p0, sPc)
}
, (26)
MD¯Σ∗
c
−pi = igD¯∗ΣcPcgD∗DpigpiΣcΣ∗c
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2pi − k2)2 + Λ41
u¯µ(p1, sΣ∗
c
)kµ
/p1 + /k +mΣc
(p1 + k)2 −m2Σc
1
(p0 − p1 − k)2 −m2D¯∗[
gβν − (p0 − p1 − k)
β(p0 − p1 − k)ν
m2
D¯∗
] −(p0 − p1)β − kβ
k2 −m2pi
uν(p0, sPc)
}
, (27)
MD¯Σ∗
c
−ρ = −igD¯∗ΣcPcgD∗DρgρΣcΣ∗c
∫ ∞
−∞
d4k
(2π)4
{
Φ˜
[
mD¯∗
mD¯∗ +mΣc
p0 − (p1 + k)
]
Λ41
(m2ρ − k2)2 + Λ41
u¯µ(p1, sΣ∗
c
)γαγ5
1
k2 −m2ρ
[
kµ
(
gαβ − kαkβ
m2ρ
)
− kα
(
gµβ − kµkβ
m2ρ
)]
/p1 + /k +mΣc
(p1 + k)2 −m2Σc
ερσλβ [(p0 − p1 − k)ρkλ] 1
(p0 − p1 − k)2 −m2D¯∗[
gσν − (p0 − p1 − k)σ(p0 − p1 − k)ν
m2
D¯∗
] −(p0 − p1)β − kβ
k2 −m2pi
uν(p0, sPc)
}
, (28)
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